The high intensity and high repetition rate of the XFEL, the European X-ray Free-Electron Laser presently under construction in Hamburg, results in X-ray doses of up to 1 GGy in silicon sensors for 3 years of operation. Within the AGIPD Collaboration the Hamburg group has systematically studied X-ray-radiation damage using test structures and segmented sensors fabricated on high-ohmic n-type silicon. MOS Capacitors and GateControlled Diodes from 4 vendors with different crystal orientations and different technological parameters, as well as strip sensors have been irradiated in the dose range between 10 kGy and 1 GGy. Current-Voltage, Capacitance/Conductance-Voltage and Thermal Dielectric Relaxation Current measurements were used to extract oxide-charge densities, interface-trap densities and surface-current densities as function of dose and annealing conditions. The results have been implemented into TCAD simulations, and the radiation performance of strip sensors and guard-ring structures simulated and compared to experimental results. Finally, with the help of detailed TCAD simulations, the layout and technological parameters of the AGIPD pixel sensor have been optimized. It is found that the optimization for sensors exposed to high X-ray doses is significantly different than for non-irradiated sensors, and that the specifications of the AGIPD sensor can be met. In 2012 sensors have been ordered, the first batch has been delivered recently, and first results on a comparison between simulations and measurements will be presented.
INTRODUCTION
The European X-ray Free-Electron Laser Facility (XFEL)
1 is a new scientific user facility which is currently under construction in Hamburg, Germany, and will enter user operations in 2016. The XFEL will provide laterally coherent X-ray pulses with a peak brilliance of 10 33 photons·(s·mm 2 ·mrad 2 ·0.1 %BW) −1 and a duration of less than 100 fs. The pulses will be delivered in trains of typically 2700 pulses with more then 10 12 photons/pulse at 4.5 MHz followed by a gap of 99.4 ms.
The high instantaneous intensity, short pulse duration and high repetition rate will open a window in new photon science, but also pose very demanding requirements for imaging detectors. 2 The Adaptive Gain Integrating Pixel Detector (AGIPD) 3 is currently under development for the usage in the SPB (Diffraction of Single Particles and Biomolecules), MID (Materials Imaging and Dynamics) and HED (High Energy Density Matter) instruments of the XFEL. It is a hybrid-pixel detector system with 1024 × 1024 p + -pixels of dimensions 200 µm × 200 µm, built of 16 p + -n silicon sensors, each with a sensitive area of 10.52 cm × 2.56 cm and a thickness of 500 µm. The particular requirements are a dynamic range of 0, 1 to more than 10 4 photons of 12.4 keV per pixel for a pulse duration of less than 100 fs, negligible pile-up at the XFEL repetition rate of 4.5 MHz, and operation for X-ray doses up to 1 GGy in 3 years. 4 In addition, the sensors should have a good detection efficiency for X-rays with energies between 3 and 20 keV, and minimal inactive regions at their edges.
For the design of the sensor the consequences of the high number of photons per pixel, which cause the so-called plasma effect, and the high X-ray dose have to be taken into account. The plasma effect was studied recommended. Therefore in the sensor design an effort was made to reach a breakdown voltage of more than 900 V.
The high X-ray dose results in an increase of the oxide-charge density and in the formation of traps at the Si-SiO 2 interface. For p + -n sensors the major impact of the net positive oxide charge is a local high electrical field at the edges of the depletion boundary of the p + -implants close to the Si-SiO 2 interface which reduces the breakdown voltage. In addition, an electron-accumulation layer forms which prevents the full depletion of the surface and increases the inter-pixel capacitance. The impact of the interface traps is an increase of the dark current by several orders of magnitude. This current increase is given by the product of the surface-current density and the area of the depleted Si-SiO 2 interface.
To take the radiation damage into account for the sensor design one needs reliable values for the relevant damage parameters. For the optimization of the sensor the knowledge of the oxide-charge density and surfacecurrent density is sufficient. For a detailed comparison of simulations with measurements the interface-trap density and their cross sections have to be known.
X-RAY RADIATION DAMAGE STUDIES
The energies at the XFEL are well below the threshold energy for the formation of defects in the silicon crystal. Therefore, the sole damages are due to defects in the SiO 2 and at the Si-SiO 2 interface or boundaries between dielectrics, generally called surface damage. The processes leading to the X-ray induced damage in the SiO 2 can be summarized as follows: 6 The secondary electrons generate electron-hole pairs (e-h pairs), where the average energy to produce an e-h pair is 18 eV. Once generated, depending on the electric field, a fraction of the e-h pairs recombine. Due to their high mobility the electrons are rapidly swept out of the dielectrics (the probability of electron trapping in the oxide is normally low). The remaining holes will undergo polaron-hopping transport via shallow traps in the SiO 2 . A fraction of these holes may be captured by deep traps in the oxide bulk or near the Si-SiO 2 interface, thereby forming fixed positive charges. In addition, reactions between holes and hydrogen-containing defects or dopant complexes at the interface can lead to the formation of interface traps, which have energy levels distributed throughout the silicon-band gap. The details depend on oxide thickness, electrical field, dose rate, crystal orientation, oxide growth and further process steps.
As there is little information on X-ray radiation damage for high-ohmic silicon sensors, test structures fabricated by different vendors have been irradiated and the radiation-damage parameter have been extracted. The irradiations have been performed in the "white" X-ray beam F4 at DORIS III up to a dose of 1 GGy with a mean energy of ∼ 12 keV and dose rates between 1 and 200 kGy/s. 7 The test structures were fabricated by Canberra, 8 CiS, 9 Hamamatsu 10 and Sintef 11 on n-type silicon with a resistivity between 3 and 14 kΩ·cm and with crystal orientations 111 and 100 . The SiO 2 thickness was between 250 and 775 nm, and some structures had a Si 3 N 4 layer on top of the oxide. The MOS capacitors (MOS-C) of Canberra, CiS, and Hamamatsu were circular, with a diameter of 1.5 mm. The Sintef MOS-C was a rectangle of 1 mm × 3.5 mm. The Gate-Controlled Diodes (GCD) of CiS and Hamamatsu were circular with 1 mm diameter and 5 Al-gate rings of 50 µm width on top of the insulator, each separated by 5 µm. The GCD of Sintef was circular with a central diode of 400 µm diameter surrounded by a 210 µm wide gate. The Canberra GCD was a finger structure with 100 µm wide gates and 100 µm wide diodes.
Directly after irradiation, within 30 minutes, a Capacitance/Conductance-Voltage (C/G-V) measurement of the MOS-C and a Current-Voltage (I-V) measurement of the GCD have been performed. After an annealing for 10 minutes at 80
• C the same measurements have been performed and the Thermal Dielectric Relaxation Current technique, 12, 13 TDRC, was applied to the MOS-C: The capacitor is first biased in accumulation mode at room temperature to fill the traps at the Si-SiO 2 interface. The device is then cooled down to ∼ 30 K and biased into the deep-depletion mode in which state the traps remain filled because the temperature is too low to allow the electrons to be thermally excited out of the traps in the Si-band gap. The temperature of the device is then raised at a constant rate, and the current due to the release of electrons from the traps is recorded. The shape of the I-T characteristic is a direct image of the interface-trap distribution.
by Becker et al. 5 and the main result for the AGIPD is that an operation voltage of well above 500 V is
The measurement was performed with a sweep rate of 0.16 V/s from accumulation to inversion and back. Hysteresis effects were observed (not shown). Because of the high series resistance of the silicon bulk and the strong frequency dependence due to the interface traps, the standard high-frequency C-V method cannot be used to extract the oxide-charge density, N ox , and the interface-trap density, D it . Therefore, for the determination of N ox and D it the measured TDRC spectra and the C/G-V curves together with an equivalent RC model, similar to the model described by Nicollian and Brews, 14 were used. To extract N ox also from the C-V measurements directly after irradiation, where no TDRC measurements are available, the flatband-voltage shift of the 1 kHz curves was used. The results as function of dose are shown in Figure 2 left. For comparison the results after annealing for 10 minutes at 80
• C using the same method are shown in Figure 2 right. It is shown in Zhang 17 that after annealing, these results are comparable with the results using the TDRC spectra under the assumption, that all interface traps are acceptor like. Directly after irradiation the maximum of N ox is 4.5 · 10 12 cm −2 and for some oxides N ox decreases by a factor of 2 after annealing. For the results after annealing it is observed that, in spite of the different fabrication processes, oxide thicknesses and crystal orientations, the trends of N ox as function of X-ray dose are similar: N ox increases up to dose values of 10 to 100 MGy and then saturates, with saturation values between 2 and 3.6 · 10 12 cm −2 .
The surface-current density was extracted from the I-V measurements on Gate-Controlled Diodes 19-21 (GCD). For these measurements the diodes were biased to -12 V and the diode current as function of voltage on the first gate close to the diode was measured. The surface current I surf is obtained from the difference of the current when the gate is in depletion and when it is in accumulation, 15 and the surface current density J surf by dividing I surf by the gate area. Since the investigated GCDs had different gate areas, one has to mention, that the underlying assumption for the calculation of J surf is that the gate area is fully depleted. It was shown by Pierret, 18 that part of the gate can be weakly inverted, so that, for the longer gates (Canberra and Sintef) the surface-current densities may be underestimated by up to 50%. The results of J surf as function of dose directly after irradiation and after annealing are shown in Figure 3 . After irradiation the maximum measured J surf is 9 µA/cm 2 , which reduces to 6 µA/cm 2 after annealing. As function of dose J surf increases with maxima in the range of 1 to 10 MGy. The following decrease for higher doses is yet not understood. Figure 2 . Dependence of the oxide-charge density Nox on X-ray irradiation dose before (left) and after (right) annealing at 80
• C for 10 minutes for MOS capacitors from different vendors. Surface-current density
CiS-<111>-360 nm SiO2 + 50 nm Si3N4 CiS-<111>-335 nm SiO2 Hamamatsu-<100>-700 nm SiO2 CiS-<100>-330 nm SiO2 + 50 nm Si3N4 Canberra-<111>-250 nm SiO2 Sintef-<100>-750 nm SiO2 Figure 3 . Dependence of the surface-current density J surf on X-ray irradiation dose before (left) and after (right) annealing at 80
• C for 10 minutes for GCDs from different vendors.
To investigate the breakdown behavior as function of dose of a guard-ring structure, diodes from Sintef were irradiated. The area of the diode was 5 mm × 5 mm and the guard-ring structure consists of a current-collection ring (CCR) and 12 floating rings. In Figure 4 the CCR current as function of voltage for different doses after annealing at 80
• C for 10 minutes is shown. The measurements were performed in dry atmosphere. For a relative humidity of 25 to 50% the results are similar. As expected from the J surf measurements of the GCD the CCR current increases with dose. A comparable decrease of the CCR current at 100 MGy, which one would expect from the J surf of the GCD (see Figure 3) , is not present. The breakdown voltage of ∼ 900 V before irradiation decreases to values of ∼ 230 V at 100 MGy. The comparison of the breakdown voltage of the CCR for the different doses with the oxide-charge densities of the Sintef MOS-C, Figure 2 , reveals that for a description of the measurements in addition of the oxide-charge density the interface-trap density distribution together with their cross sections have to be known. This is a problem we are working currently on for this device. • C for 10 minutes for different X-ray radiation doses.
SENSOR OPTIMIZATION
For the optimization of the AGIPD sensor TCAD simulations 22 have been performed and the assumption was made, that the maximum effective oxide-charge density N ef f ox (sum of N ox and net charge density of interface traps) is 3 · 10 12 cm −2 and the maximum surface-current density J surf is 8 µA/cm 2 . With these parameters the pixels and the guard-ring structure was optimized 23, 24 to fulfill the sensor specifications, listed in table 1, for the full X-ray dose range.
Here we give only a short summary and show some details which were not yet presented in Schwandt et al.
23, 24
The biggest difficulty is achieving the required high breakdown voltage V bd for the guard rings at the highest oxide-charge density. For this the following strategy was chosen:
• A structure consisting of a strip with the width of half a pixel, a current collection ring CCR and a scribe line implant has been optimized with respect to breakdown voltage V bd . The simulation have been performed in 2D and with the symmetric boundary conditions at the sensor edges used. This corresponds to a strip with the width of a pixel surrounded by current collection rings and scribe lines on both sides. For < 500 fF total sensor dark current@500V < 50 µA max. dark current/pixel@500V < 50 nA max. dark current CCR@500V < 20 µA the optimization the oxide thickness, the outward metal overhang of the CCR and the p + implants depth were varied. In Figure 5 the breakdown voltage V bd as function of the oxide-charge density is shown for a 2.4 µm deep p + implant, different oxide thicknesses t ox and different metal overhangs l mo . It has been found that for low oxide-charge densities a thicker oxide results in a higher V bd . For high oxide-charge densities a metal overhang and oxide thickness below 300 nm is required to reach a high V bd . The outward metal overhang reduces the electrical field at the implant edge, but, also the punch-through voltage between two neighboring rings if it covers too much of the gap. 25 If the metal overhang is too large and the oxide-charge density low, the surface under the metal can be inverted which results for a multiguard ring structure in a less stable and predictable condition compared to a design with only inwards metal overhangs. Therefore a small metal overhang of only 5 µm was chosen and simulations for oxide thicknesses in the range of 180 to 300 nm in 10 nm steps have been performed to find an optimum oxide thickness. 24 Based on the results of the simulations an oxide thickness of 250 nm and a 2.4 µm deep p + implant have been chosen as compromise between technological feasibility and high V bd .
• From the value of V bd ∼ 70 V with zero guard rings it was concluded that 15 floating guard rings would be required to reach V bd values close to 1000 V for the sensor.
• Then the spacing between the guard rings, their implant widths and inward metal overhangs were varied until the voltage differences between adjacent guard rings was about the same value for the highest oxidecharge densities.
• Finally, simulations for the corner of the guard-ring structure were performed in cylindrical coordinates assuming cylindrical symmetry around the center of the curvature of the pixel edge to verify that the V bd does not decrease significantly at the corner.
An additional problem for the guard-ring structure for low oxide-charge densities is the possibility that the bulk depletion reaches the cut edge, which would result in a high leakage current. To prevent this a 340 µm wide n + -implant between the outer guard ring and the scribe line is implemented to assure a constant potential at the Si-SiO 2 interface in this region. In addition, simulations for an oxide charge of 5 · 10 10 cm −2 with different bulk resistivities have been performed. In Figure 6 the minimal distances of the depletion boundary to the cut edge as function of resistivity for different voltages is shown. For a resistivity of 10 kΩ·cm the depletion boundary at 880 V is only a few micrometer from the cut edge. To be safe the maximum resistivity was specified as 8 kΩ·cm.
The pixel layout was optimized in the following way:
• Oxide thickness, aluminum overhang, p + -implant depth and gap between pixel implants have been optimized for a 2-D strip layout with respect to V bd , dark current and capacitance.
• The values for dark current and inter-strip capacitance were extrapolated to the 3-D situation using empirical formulae. 23 It was found that the optimized values for oxide thickness and p + implant depth achieved for the guard rings, gave satisfactory results for the pixel. For stable operation and minimal dark current, the inter-pixel gap and the metal overhang should be small: A value of 20 µm for the gap and 5 µm for the metal overhang have been chosen.
• Finally, a 3-D simulation for a quarter of a pixel has been performed, to verify the breakdown behavior and the dark current. Using symmetric boundary conditions the simulations of a quarter of a pixel corresponds to an infinite sensor without a guard ring structure. According to the simulations the optimized design meets all specifications of the AGIPD sensor.
To operate a sensor at high voltage one has to consider in addition two not radiation related issues. The first concerns the backside of the sensor: The backside is the entrance window for the photons and to have a good quantum efficiency for X-rays down to 3 keV, the inactive depth has to be small. For the AGIPD sensor the specifications are: < 0.5 µm Al and < 2 µm n + depth. This small n + depth can lead to a lower yield in the sensor production. To reach a high yield, sensors for high-voltage operations have often n + -diffusions of the order of 10 µm to getter impurities and to reduce the probability of hole injection from defects at the Al-Si interface into the depletion layer. The second issue concerns the voltage drop between the sensor edge and the readout chip: The sensor is bump-bonded to the readout chip which extend beyond the sensor edge to provide space for the wire-bond connections. The distance between the sensor and the readout chip is about 20 µm. As the sensor edge is at high voltage whereas the readout chip is at approximately 0 V, the voltage difference might be too high and sparking can occur. One possibility to avoid this is the covering of the sensor with a thin layer of BCB (Benzo Cyclo Butene). 
SUMMARY
The main challenge in the development of p + n silicon pixel sensors for the European XFEL is the need of a high operation voltage to reduce the consequences of the plasma effect due to high instantaneous X-ray densities for sensors exposed to X-ray doses up to 1 GGy. High X-ray dose values cause the increase of the oxide-charge density and interface traps. Results on the radiation-dose dependence of the oxide-charge density, the surface-current density and breakdown voltage of test structures have been presented. The extracted oxide-charge densities and surface-current densities were used in TCAD simulation to optimize the AGIPD sensor. A first batch of the sensor with our design and technological parameter was delivered in february 2013.
